A high-quality Sb 2 S 3 thin-absorber with controllable thickness was reproducibly formed by atomic layer deposition (ALD) technique. Compared with conventional chemical bath deposition (CBD), the Sb 2 S 3 absorber deposited by ALD did not contain oxide or oxygen impurities and showed a very uniform thickness of Sb 2 S 3 absorbers formed on a rough surface of dense blocking TiO 2 /F-doped SnO 2 (bl-TiO 2 /FTO) substrate. The planar ALD-Sb 2 S 3 solar cells comprised of Au/Poly-3-hexylthiophene/ALD-Sb 2 S 3 /bl-TiO 2 /FTO showed significantly improved power conversion efficiency of 5.77% at 1 sun condition and narrow efficiency deviation, whereas the planar CBD-Sb 2 S 3 solar cells exhibited 2.17% power conversion efficiency. The high efficiency and good reproducibility of ALD-Sb 2 S 3 solar cell devices is attributed to reduced backward recombination because of the inhibition of oxide defects within ALD-Sb 2 S 3 absorber and the conformal deposition of very uniform Sb 2 S 3 absorbers on the blocking TiO 2 surface by ALD process. † Electronic supplementary information (ESI) available. See
Introduction
The second generation solar cells such as organic, thin-film, and dye-sensitized solar cells (D-SSCs) have been intensively studied to satisfy the criteria of high efficiency and low cost. Among them, the D-SSCs have been considered as a promising candidate for replacing conventional silicon solar cells owing to a unique device architecture comprised of an electron conductor, sensitizer, and hole conductor. The electrons (holes) generated in the sensitizer by light illumination are immediately transported to the electron (hole) conductor, and consequently less recombination is expected. Therefore, the sensitized solar cells (SSCs) have attracted significant attention since Grätzel et al. 1 reported on liquid type D-SSCs and the power conversion efficiency of D-SSCs of up to ∼13% at 100 mW cm −2 AM 1.5 G. 2 Recently, inorganic semiconductors and quantum dots (QDs) have been of great interest because they can replace the conventional Ru/organic dyes owing to their unique properties, such as strong absorptivity, large dielectric constant, multiple exciton generation, and good stability. 3, 4 Hence, many metal chalcogenides, including CdS(e), [5] [6] [7] [8] PbS(e), [9] [10] [11] and Sb 2 S(e) 3 , [12] [13] [14] [15] [16] [17] [18] have been used as new sensitizers and their device efficiencies have been stiffly increased to over 7% at 1 sun condition. 19 Among them, the Sb 2 S 3 exhibited peculiar characteristics. It forms an amorphous phase on the TiO 2 electrode at the initial processing stage, and then it is converted to crystalline stibnite by subsequent heat treatment. This may lead to the formation of an intimate junction at the TiO 2 -Sb 2 S 3 interface, and thus enabling the Sb 2 S 3 -SSCs to hold high device efficiencies.
To date, the Sb 2 S 3 has been synthesized by aqueous based chemical bath deposition (CBD) method 20 to form a conformal thin-film on the TiO 2 electrode. However, the formation of antimony oxides cannot be avoided by the conventional aqueous phase CBD technique and further improvement of device performance appears to be retarded because the antimony oxides make deep traps in the gap state and cause the backward recombination of generated charge carriers. 21 Recently, Maiti et al. 22 reported the non-aqueous phase CBD technique for the formation of Sb 2 S 3 using a single source precursor, which showed significant depression in the formation of antimony oxides. Very recently, Choi et al. 19 demonstrated that the antimony oxides formed by conventional CBD method can be recovered as Sb 2 S 3 by post organic sulfur treatment. It is prerequisite to form pure Sb 2 S 3 through certain deposition processes in order to develop efficient Sb 2 S 3 -SSCs.
It is also equally important to develop highly reproducible Sb 2 S 3 -SSCs with a narrow deviation of device efficiency.
To make reproducible Sb 2 S 3 -SSCs, the uniform thickness control of Sb 2 S 3 light absorber is crucial. With this regards, the conventional CBD method has an intrinsic disadvantage because the thickness of Sb 2 S 3 is significantly dependent on heterogeneous nucleation and growth processes, chemical reactions, and consequently its thickness is not linearly dependent on the reaction time. Moreover, the atomic layer deposition (ALD) is a very powerful technique to linearly control the thickness of thin films, and recently Wedemeyer et al. 23 demonstrated the possibility of ALD technique to form uniform Sb 2 S 3 layers. Therefore, we adapted the ALD technique in order to precisely control the thickness of the Sb 2 S 3 layer and to form the pure Sb 2 S 3 phase. Through the systematic thickness control of the Sb 2 S 3 layer, we demonstrated that highly reproducible planar Sb 2 S 3 -SSCs with 5.77% power conversion efficiency at 1 sun illumination could be obtained.
Experimental
The amorphous Sb 2 S 3 was initially obtained by the ALD of trisdimethylamino antimony (Sb(N(CH 3 ) 2 ) 3 ; UP Chemical Co., Ltd) and H 2 S (99.5%, Matheson) gas onto a FTO/bl-TiO 2 substrate (15 Ω cm −1 , Pilkington) in a showerhead type ALD system (CN1 Co., Ltd, ATOMIC PREMIUM) at 130°C. The bl-TiO 2 layer of ∼70 nm thickness was deposited by spray pyrolysis and annealed at 450°C. Pulse, exposure, and purge times of (Sb(N(CH 3 ) 2 ) 3 are 0.5 s, 10 s, and 10 s; Pulse and purge times of H 2 S are 3 s and 10 s.
To convert the amorphous phase to crystalline one, the atomic layer deposited yellowish films of amorphous Sb 2 S 3 /bl-TiO 2 /FTO were annealed at 330°C for 30 min under H 2 S gas. After annealing, dark-brown crystalline stibnite Sb 2 S 3 /bl-TiO 2 /FTO was immediately removed from the heater and cool down under N 2 . As an organic hole transporting material (HTM), poly-3-hexylthiophene (P3HT; Rieke metals, Inc.) was used. The solution of the HTM (15 mg mL −1 in 1,2-dichlorobenzene) was spin-coated onto the dense TiO 2 /Sb 2 S 3 layer with 2500 rpm for 60 s. Then, in order to improve the contact between P3HT and Au, a poly(3-4-ethylenedioxythiophene) doped with poly(4-styrenesulfonate) (PEDOT:PSS; Baytron AI4083) diluted with six volumes of 2-propanol was spin-coated onto the P3HT/Sb 2 S 3 /bl-TiO 2 at 2000 rpm for 30 s. In order to form a hybrid heterojunction, the dense TiO 2 /Sb 2 S 3 /P3HT/PEDOT:PSS layer was annealed at 90°C for 30 min in vacuum oven. Finally, the counter electrode was deposited by thermal evaporation of gold under a pressure of 5 × 10 −6 Torr giving an active area of 0.16 cm 2 for each device.
J-V data were measured using a solar simulator (Newport, 94022A) at 1 sun condition (AM 1.5 G, 100 mW cm -2 ) and under varied intensity of illumination by a source meter (Keithley 2400) equipped with a calibrated Si-reference cell (certified by NREL). The external quantum efficiencies (EQE) of solar cells were analyzed using an Incident Photon-to-Current Efficiency (IPCE) measurement system (McScience co., LTD, K3100) consisting of a 300 W xenon lamp, a mono-chromator (Spectral Products, CM110), and a multimeter (Keithley 2400). In order to eliminate experimental errors, four different cells with the same structure were fabricated using the same procedure, and all the measurements were carried out five times and averaged. Photovoltaic performance was measured by using a metal mask with an aperture area of 0.096 cm 2 .
Ellipso Technology Elli-SE-aM8 variable angle spectroscopic ellipsometer was used to obtain the thickness of the Sb 2 S 3 thin film and confirmed by FE-SEM (Hitachi SU8020). The UV-visible diffuse absorbance spectra of the Sb 2 S 3 films were obtained using a Perkin Elmer Lambda 750 UV/VIS spectrometer with an integrating sphere. XPS spectra were obtained with an ESCALAB 250Xi (Thermo Scientific, UK) system using a microfocused (500 µm, 157 W) Al Kα X-ray beam with a photoelectron takeoff angle of 90°. A dual-beam charge neutralizer (1 eV Ar + and 1 eV electron beams) was used to compensate for the charge-up effect. Ar + ion source was operated at 3 μA and 2 kV, with rastering on an area of 4 mm × 2 mm. The XPS spectra of the CBD-Sb 2 S 3 and ALD-Sb 2 S 3 were obtained after Ar sputtering for 60 s. The cross-sectional morphology of the device was measured by FE-TEM (Hitachi, HF3300) with FIB systems (NB5000). Fig. 1 shows a schematic illustration of the formation of Sb 2 S 3 layer on the blocking TiO 2 (bl-TiO 2 )/FTO (F doped SnO 2 ) substrate by conventional CBD and ALD processes. In the CBD process, as illustrated in Fig. 1a , the thickness of the Sb 2 S 3 layer is determined by the rate of chemical reaction, and thus the precise temperature control of the reaction bath is very important. In addition, it is very difficult to reproducibly make uniform thickness of the Sb 2 S 3 layer, even in the same reaction process, because the heterogeneous nucleation condition of Sb 2 S 3 on bl-TiO 2 /FTO substrate will depend on the surface state of bl-TiO 2 /FTO substrate. Therefore, the CBD method causes a larger thickness deviation of the Sb 2 S 3 layer and makes it difficult for the Sb 2 S 3 -SSCs to show reproducible device performance with narrow efficiency deviation. It should also be considered that the formation of antimony oxides is inevitable when we deposit the Sb 2 S 3 layer through aqueous phase chemical reaction.
Results and discussion
On the other hand, the ALD process does not include any oxygen sources for any of the chemical reactions, and consequently it is expected that the formation of antimony oxides will be significantly suppressed. The thickness of Sb 2 S 3 layer on bl-TiO 2 /FTO substrate can also be precisely controlled as shown in Fig. 1b because the formation of Sb 2 S 3 is physically controlled by the repeated chemical reaction of the specific amount of precursors. Fig. 2a and b show the typical cross-sectional TEM images of the Sb 2 S 3 /bl-TiO 2 /FTO substrates. Compared with the CBD-Sb 2 S 3 , the ALD-Sb 2 S 3 thin layer with about 90 nm thickness was more uniformly deposited along the rough FTO/dense-TiO 2 surfaces. The magnified image of each inset shows that the ALD-Sb 2 S 3 film is more densely formed than the CBD-Sb 2 S 3 film because the later exhibited some pores within the film structure, which may have been formed by the thermal annealing process to convert its amorphous phase to crystalline one because the particle-like amorphous Sb 2 S 3 are aggregated to form the film structure, which is converted to polycrystalline film through volume shrinkage by phase change. One of the merits of ALD process is the precise control of the thin film deposition by controlling ALD cycles. In order to investigate the deposition rate of Sb 2 S 3 thin films by ALD process, we measured the thickness of Sb 2 S 3 thin films with the number of ALD cycles as shown in Fig. 2c . From the thickness data quantified by spectroscopic ellipsometry, it was found that the thickness of Sb 2 S 3 thin films linearly depends on the number of ALD cycles up to 4000 and the deposition rate of Sb 2 S 3 was about 0.56 Å per cycle. As expected, this confirms that the ALD process can reproducibly deposit the Sb 2 S 3 thin films, which will enable the Sb 2 S 3 -SSCs to have reproducible device efficiency. Moreover, the thickness of CBD-Sb 2 S 3 films exhibited exponential increase with the deposition time and larger thickness-deviation compared to ALD-Sb 2 S 3 , which indicated that the device will also have larger efficiency deviation.
The purity of Sb 2 S 3 sensitizer is very important because the conventional CBD-Sb 2 S 3 formed in aqueous phase synthesis yields the formation of antimony oxide, and subsequently deep traps below 1.03 eV 19 from its conduction band energy are formed. The deep traps lead the injected electrons from the Sb 2 S 3 sensitizer to the TiO 2 electron conductor to be transferred backward in direction and cause the recombination of electrons and holes, while deteriorating the open circuit voltage (V oc ). Therefore, we checked the purity of CBD-Sb 2 S 3 and ALD-Sb 2 S 3 using X-ray photo electron spectroscopy (XPS) spectra as shown in Fig. 3. Fig. 3a shows that the deconvolu- tion of the Sb 3d core level exhibits two chemical states of Sb 2 S 3 (1 and 1′), Sb 2 O 3 (2 and 2′) and an overlapping oxygen peak (3). These spectra clearly confirm that the Sb 2 S 3 thin films deposited by conventional aqueous CBD process contains some amount of oxide. However, XPS spectra of Sb 2 S 3 deposited by ALD process showed single peaks, corresponding to a single chemical state of Sb 2 S 3 (1 and 1′), and there was no oxide or oxygen peak, as shown in Fig. 3b . 22, 24 From these XPS analyses, it was found that high quality Sb 2 S 3 thin films without any oxide or oxygen impurities could be successfully deposited by ALD process, which might be advantageous for achieving high performance Sb 2 S 3 solar cells. Fig. 4a shows the diffuse reflection spectra of ALD-Sb 2 S 3 with the number of repeated ALD cycles, where the thickness of ALD 400, 1000, 1600, and 2200 cycles correspond to 30 nm ± 6 nm, 60 nm ± 7 nm, 90 nm ± 6 nm, and 120 nm ± 7 nm. The absorption tail is gradually red-shifted with the thickness of ALD-Sb 2 S 3 layer and is almost saturated over ALD 1600 cycles. Fig. 4b and Table 1 show the current densityvoltage ( J-V) curves and the photovoltaic parameters (short circuit current density, open circuit voltage, fill factor, and power conversion efficiency: J sc , V oc , FF, and η) of CBD-and ALD-Sb 2 S 3 devices. A conventional FTO/bl-TiO 2 /CBD-Sb 2 S 3 / P3HT/Au device showed V oc of 0.4886 V, J sc of 9.63 mA cm −2 , FF of 46.13%, and η of 2.17%, which are similar in result with previously reported planar Sb 2 S 3 -SSCs (V oc = 0.56 V, J sc = 7.15 mA cm −2 , FF = 35%, η = 1.43%). 25 Here, it is noted that the CBD 120 min sample exhibited the best device efficiency when we checked the efficiency of planar Sb 2 S 3 -SSCs with the CBD time (the thickness of CBD-Sb 2 S 3 120 min sample is shown in Fig. 2a ).
On the other hand, FTO/bl-TiO 2 /ALD-Sb 2 S 3 /P3HT/Au devices exhibited dramatically enhanced photovoltaic performance, depending on the ALD cycles of Sb 2 S 3 ; the J sc enhanced with increased ALD cycle of Sb 2 S 3 up to 1600 cycles, and then decreased with further increase in the ALD cycle. We also confirmed the enhancement of V oc with an increase of the ALD cycle of Sb 2 S 3 up to 1600 cycles, and then a decrease of V oc with the 2200 ALD cycle. All of ALD-Sb 2 S 3 solar cells showed higher V oc value compared with CBD-Sb 2 S 3 , which might be attributed to the formation of more pure Sb 2 S 3 absorbers without impurities as confirmed by XPS analysis in Fig. 3 . The best device under air mass 1.5 global (AM 1.5 G) and full sunlight (100 mW cm −2 ) exhibited J sc , V oc , and FF values of 14.92 mA cm −2 , 0.667 V, and 58.04%, respectively, yielding η of 
5.77%
, which is three-fold higher than that of the CBD Sb 2 S 3 device.
In order to investigate the light response of Sb 2 S 3 devices, we measured IPCE (Incident photon-to-current conversion efficiency) of CBD-Sb 2 S 3 and ALD-Sb 2 S 3 thin film solar cells (Fig. 4c ). Compared with CBD-Sb 2 S 3 , ALD-Sb 2 S 3 solar cells with 1000 and 1600 ALD cycle showed higher IPCE, although the absorption spectra edges of CBD-Sb 2 S 3 and ALD-Sb 2 S 3 were the same near 750 nm wavelength because the average thickness of Sb 2 S 3 (CBD 120 min and ALD 1000 cycles) was the same to ∼90 nm (see Fig. 2a and b) .
It should be noted that despite planar type solar cells, the planar ALD-Sb 2 S 3 -SSCs exhibited excellent photovoltaic performance compared with the planar CBD-Sb 2 S 3 device and the mesoscopic CBD-Sb 2 S 3 -SSCs with P3HT hole conductor. 26 The improved performance of ALD-Sb 2 S 3 solar cells might be attributed to the high purity Sb 2 S 3 absorbers compared with conventional CBD-Sb 2 S 3 absorbers because (1) the dark current leakage of ALD-Sb 2 S 3 sample could be blocked even at higher bias voltage than that of the CBD-Sb 2 S 3 sample as shown in Fig. 4b , which consequently enables the ALD-Sb 2 S 3 to have higher V oc ; 27 and (2) the charge transfer and/or the charge collection efficiency of the ALD-Sb 2 S 3 sample could be significantly improved from those of the CBD-Sb 2 S 3 sample, owing to the similar light harvesting efficiency at same thickness of Sb 2 S 3 absorber, since IPCE is the product of light harvesting efficiency, charge transfer efficiency, and charge collection efficiency.
From thickness analysis of ALD-Sb 2 S 3 thin films (Fig. 2) , it was found that the controllability and uniformity of ALD-Sb 2 S 3 films were considerably better than those of the conventional CBD-Sb 2 S 3 . This reproducible formation of Sb 2 S 3 with small thickness-deviations by ALD process will guarantee the reproducibility of solar cell devices with small efficiency-deviations, which is a crucial factor for commercialization of solar cells. To confirm the reproducibility of solar cell devices, the PCE (η) histogram of each individually fabricated solar cell device using CBD-Sb 2 S 3 and ALD-Sb 2 S 3 was exhibited, as shown in Fig. 4d . The PCE histogram indicates that ALD-Sb 2 S 3 solar cells show not only higher PCE, but also narrow distribution of PCE compared with CBD-Sb 2 S 3 solar cells. This result shows that the ALD process for the formation of Sb 2 S 3 absorbers is a promising fabrication tool for reproducible solar cells. Fig. 5a and b show the UPS spectra of Sb 2 S 3 films deposited on bl-TiO 2 by CBD and ALD processes. The work function is determined from the photon energy and the high binding energy cutoff of the UPS spectrum, corrected for a −5 V bias. The high binding energy cutoff is 16.56 and 16.46 V for ALD-Sb 2 S 3 and CBD-Sb 2 S 3 , respectively (Fig. 5a) , and low binding energy onset of ALD-Sb 2 S 3 and CBD-Sb 2 S 3 is 1.26 and 1.10 V, respectively (Fig. 5b) . The work function was calculated by the equation, Φ = 21.22high binding energy cutoff, giving the position of the Fermi level as 4.66 and 4.76 eV for ALD-Sb 2 S 3 and CBD-Sb 2 S 3 , respectively. By adding the low binding energy onset to the UPS spectrum, the valence band maximum with respect to the vacuum level can be calculated. The conduction band minimum is determined by adding an optical band gap of Sb 2 S 3 , 1.76 eV, which is estimated from the IPCE spectra ( Fig. 4c ). From these results, it was possible to illustrate the energy band diagrams of the ALD-Sb 2 S 3 and CBD-Sb 2 S 3 devices (Fig. 5c ). The ALD-Sb 2 S 3 showed 0.1 eV higher Fermi levels compared with the CBD-Sb 2 S 3 , which might be attributed to the formation of purer Sb 2 S 3 sensitizers by the ALD process, because the oxide impurities make defect states in Sb 2 S 3 absorbers and consequently the V oc is deteriorated. Therefore, the higher V oc of ALD-Sb 2 S 3 -SSCs compared with that of CBD-Sb 2 S 3 -SSCs, as shown in Fig. 4 and Table 1 , could be explained by the higher Fermi-level of ALD-Sb 2 S 3 absorbers.
Conclusions
We could fabricate reproducible planar Sb 2 S 3 -SSCs with 5.77% power conversion efficiency with narrow efficiency-deviation by ALD technique, whereas the planar Sb 2 S 3 -SSCs fabricated by the conventional CBD method exhibited poor power conversion efficiency with wide deviation. The high reproducibility of ALD-Sb 2 S 3 -SSCs was attributed to the conformal deposition of very uniform Sb 2 S 3 thin-layers with narrow deviation on bl-TiO 2 /FTO substrate. Moreover, the CBD method yielded the formation of rough Sb 2 S 3 thin-layers with wide deviation because the deposition rate of Sb 2 S 3 thin-layers was nonlinear to reaction time and very sensitive to reaction temperature. The high device efficiency was attributed to the formation of pure Sb 2 S 3 free of oxide because no oxygen source is involved during the entire ALD process, whereas the aqueous phase based CBD inevitably forms antimony oxide. Therefore, the ALD-Sb 2 S 3 -SSCs exhibited high open circuit voltage, short circuit current density, and high fill factor due to the reduced backward recombination by large suppression of oxide defects within the Sb 2 S 3 -sensitizers.
